For catalysing dioxygen reduction, iron-nitrogen-carbon (Fe-N-C) materials are today the best candidates to replace platinum in proton-exchange membrane fuel cell (PEMFC) cathodes. Despite tremendous progress in their activity and site-structure understanding, improved durability is critically needed but challenged by insufficient understanding of their degradation mechanisms during operation. Here, we show that FeN x C y moieties in a representative Fe-N-C catalyst are structurally stable but electrochemically unstable when exposed in an acidic medium to H 2 O 2 , the main oxygen reduction reaction (ORR) byproduct. We reveal Their active sites can be classified as atomically dispersed metalions coordinated to nitrogen atoms (MeN x C y moieties) 6-9 or nitrogen functionalities (possibly influenced by sub-surface metallic particles).
The Achilles' heel of iron-based catalysts during oxygen reduction in an acidic medium † Fuel cells efficiently convert chemical into electric energy, with promising application for clean transportation. In proton-exchange membrane fuel cells (PEMFCs), rare platinum metal catalyses today the oxygen reduction reaction (ORR) 1 while iron(cobalt)-nitrogencarbon materials (Fe(Co)-N-C) are a promising alternative. [2] [3] [4] [5] Their active sites can be classified as atomically dispersed metalions coordinated to nitrogen atoms (MeN x C y moieties) [6] [7] [8] [9] or nitrogen functionalities (possibly influenced by sub-surface metallic particles).
Broader context
Proton-exchange membrane fuel cells (PEMFCs) have reached technological maturity, highlighted by their rapidly growing transportation and stationary markets. In the long term, however, the current use of significant amounts of precious metals to catalyse, in particular, the oxygen reduction reaction (ORR) at the cathode could limit their sustainable deployment. Alternatively, inexpensive iron-nitrogen-carbon (Fe-N-C) catalysts have recently shown tremendous progress in their initial activity for the ORR, and high stability upon electrochemical cycling in acidic electrolytes, but surprisingly low durability in operating PEMFCs. A better understanding of their degradation mechanisms during operation is thus key to the identification of strategies for improved durability. Here, we show that FeN x C y moieties in a representative Fe-N-C catalyst are structurally stable but electrochemically unstable when exposed in an acidic medium to H 2 O 2 , the main ORR byproduct. Exposure to H 2 O 2 leaves iron-based catalytic sites untouched but decreases their turnover frequency via oxidation of the carbon surface. The latter is triggered by reactive oxygen species generated during decomposition of H 2 O 2 on such sites. Observed in acidic but not in alkaline electrolytes, these insights suggest that durable Fe-N-C catalysts are within reach for PEMFCs if rational strategies minimizing the amount of H 2 O 2 or reactive oxygen species produced during the ORR are developed.
Improved durability is the next challenge for Me-N-C catalysts. 14, 15 19 decreasing its ORR activity, however via an unexplained mechanism. The ORR activity and selectivity of pristine FeNC-1 were measured in acidic and alkaline electrolytes. FeNC-1 shows a higher ORR activity in the alkaline compared to the acidic medium (black curves in Fig. 1a, b and Fig. S2 (ESI †)), typical for Fe-N-C materials. 25 Less than 5% hydrogen peroxide is detected above 0.3 V RHE in both electrolytes (black curves in Fig. 1c and d) . The selectivity is slightly higher in the alkaline compared to the acidic electrolyte above 0. (Fig. 2a) . EXAFS is however poorly sensitive to the second coordination sphere of FeN x C y moieties. 8 Mössbauer spectroscopy is more sensitive to both coordination and electron population at 57 Fe nuclei. The doublets D1 and D2
observed in pristine FeNC-1 (Fig. S1b, ESI †) and FeNC-0.5 are still present in H 2 O 2 -treated samples (Fig. S6 , ESI †) but the spectra have a slightly modified shape and intensity. They were analysed assuming Gaussian distributions of the quadrupole splitting (QS), justified by the structural disorder revealed by transmission electron microscopy on FeNC-1 (Fig. S1f, ESI †) . Such an approach reveals highest QS-probabilities in FeNC-0.5 (Fig. 2b) at the values found for D1-D2 (Table S1, (Fig. 2e) . The pore size distribution, specific surface area and bulk carbon structure of H 2 O 2 -treated catalysts were identical to those of FeNC-1, as revealed by N 2 -physisorption ( Fig. 2f ) and Raman spectroscopy (not shown). The lack of modifications is apparently contentious All data were measured on the FeNC-1 series, except for Mössbauer spectra (see Fig. S6 , ESI †). Note 3: The relative carbon content decrease that can be deduced from Fig. 2e results from the addition of oxygen groups on the surface, not from the irreversible loss of carbon atoms.
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with decreased activity and selectivity. An important exception is the oxygen content, increasing from 5 to 10 at% (Fig. 2e) . The O 1s signal (Fig. 2d) 27 These results suggest that carbon oxidation was restricted to the top-surface (without formation of volatile CO or CO 2 products), the acidic H 2 O 2 -treatment selectively oxidizing a fraction of surface carbon atoms via Fenton-like reactions with FeN x C y surface moieties. This might have induced a lower ORR-TOF on otherwise unmodified FeN x C y moieties. If this is true, the ORR-activity decrease consequential to the H 2 O 2 -treatment should be recovered when the carbon surface is cleaned of oxygen functionalities. We opted for electrochemical reduction to softly remove oxygen groups, a method reported for GO reduction.
28 Fig. 1e and f show that the ORR activity and selectivity in the acidic medium of the H 2 O 2 -treated materials significantly increased after electro-reduction in 0.5 M NaCl (e.g. activity Â 3.2 for reduced FeNC-1-50, see solid to dashed blue curves in Fig. 1e ). The extent of activity recovery is high for FeNC-1-20 and FeNC-1-50 (67-82% relative to FeNC-1 activity at 0.8 V RHE ). Activity and selectivity recovery is however not complete, and this is amplified with highly-oxidized FeNC-1-70. This may be due to incomplete removal of oxygen groups formed during H 2 O 2 -treatment, especially epoxy groups as reported for electrochemically-reduced GO. 28 The possible role of metallic Fe particles in FeNC-1 in either the deactivation or activity recovery could be excluded by investigating FeNC-0.5, comprising only FeN x C y moieties (Fig. S6 , ESI †). 8 Its ORR deactivation after H 2 O 2 -treatment and recovery after electroreduction are identical to those of FeNC-1 (Fig. S3i, ESI †) . We resorted to density functional theory (DFT) to understand how carbon surface oxidation modifies the TOF and selectivity of FeN x C y moieties. The O 2 -binding energy (E b ) on FeN 4 centers, a key descriptor of ORR activity, 29 and electron work function (WF) of the surface were calculated against the type, number and location of oxygen groups near FeN x C y moieties (Fig. S8a, ESI †) . The introduction of hydroxyl and especially epoxy groups in the basal plane dramatically modifies E b from À0.59 up to +0.33 eV (red curve in Fig. 3a) , of which detailed data are given in Fig. S8b (ESI † †). As previously discussed by Mukerjee's group, 6 electron-withdrawing groups on the carbon surface not only downshift the iron d-orbitals (Fig. S9 , ESI †), thereby decreasing iron oxophilicity (Fig. 3b) , but also deplete the carbon support of p-electrons, thereby elevating the WF (green columns in Fig. 3a) . Weakened E b decreases the activity of FeNC-1, implying that FeN 4 centers integrated in graphene sheets are located either near the apex or on the weak-binding side of an activity vs. binding-energy volcano plot. Selectivity toward four-electron reduction was also investigated with DFT considering the ORR mechanism detailed in 31 This pathway becomes less favorable with surface oxidation (electronic effect) and could even be sterically blocked if the cooperative carbon center is occupied by an oxygen group, favoring H 2 O 2 formation (Fig. S10a, ESI †) . Furthermore, N-doped graphene has a stronger affinity to oxygen groups than graphene, inferring that surface oxidation might occur preferentially on carbons adjacent to nitrogen atoms (Fig. S10b, ESI †) . Following these DFT insights, we measured the WF, potential of zero charge (E PZC ) and basicity of H 2 O 2 -treated FeNC-1. Ultraviolet photoelectron spectroscopy indicates an increased WF with acidic H 2 O 2 -treatment, leading to a negative correlation between ORR activity and the WF (Fig. 4a-c) . This is consistent with our DFT calculations (Fig. 3a) and recent studies on the initial ORR activity of Fe-N-C and N-S-O-C materials. 32 ,33 E PZC is also negatively correlated with ORR activity (Fig. 4d-f) . The surface basicity (pH f ) decreased with increasing H 2 O 2 -treatment temperature due to the acidic character of oxygen groups, leading to a positive correlation with ORR activity (Fig. 4g-i) . These correlations are explained on the basis of modulation of the TOF of FeN x C y moieties by the electronic properties of the surrounding carbon surface. This concept bears similarities with the importance of solid-state physics for electrochemical reaction rates, demonstrated in the 1970s for metallic surfaces. 34 In practice, in addition to decreasing the TOF of FeN x C y moieties via carbon surface oxidation, peroxide or ROS formed during PEMFC operation might also increase the catalyst's hydrophilicity and attack the protonconductive ionomer. Both phenomena could lead to decreased transport properties through the cathode, possibly further amplifying the performance loss. For FeNC-1 however, our previous study showed that only the ORR activity significantly decreased during PEMFC operation. 19 
Conclusions
In summary, we explain the main deactivation of Fe-N-C catalysts for the ORR in PEMFCs as reversible surface oxidation of carbon, decreasing the TOF of Fe-based active sites via weakened O 2 -binding. This study provides novel insights into the operando deactivation of Fe-N-C catalysts comprising FeN x C y sites. While Fe-N-C catalysts comprising only Fe particles encapsulated in a graphitic shell might not experience this A logarithmic scale was used for j k since it is logarithmically related the onset potential via the Tafel law.
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View Article Online deactivation (no surface iron), the ORR activity of such catalysts has hitherto been low. 12 The need to consider FeN x C y moieties in their long-range electronic and chemical environment for TOF determination and the recoverable decay of the TOF are important paradigm shifts. The present study brings hope for durable Fe-N-C cathodes in high power density PEMFCs, with in situ (electro)reduction of carbon, H 2 O 2 or radical scavengers. Based on the present findings, several mitigation strategies to counter this deactivation mechanism can thus be explored, either at the catalyst or system level.
